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Conversion of switchgrass to ethanol using dilute ammonium hydroxide pretreatment:
influence of ecotype and harvest maturity†
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University Street, Peoria, IL 61604-3902, USA; bGrain, Forage, and Bioenergy Research Unit, University of Nebraska, 137 Keim Hall,
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(Received 29 March 2013; accepted 20 May 2013 )
Switchgrass (Panicum virgatum L.) is a perennial C4 grass that is being developed as a bioenergy crop because it has high pro-
duction yields and suitable agronomic traits. Five switchgrass biomass samples fromupland and lowland switchgrass ecotypes
harvested at different stages or maturity were used in this study. Switchgrass samples contained 317.0–385.0 g glucans/kg
switchgrass dry basis (db) and 579.3–660.2 g total structural carbohydrates/kg switchgrass, db. Carbohydrate contents were
greater for the upland ecotype versus lowland ecotype and increased with harvest maturity. Pretreatment of switchgrass with
dilute ammonium hydroxide (8%w/w ammonium loading) at 170◦C for 20min was determined to be effective for prepar-
ing switchgrass for enzymatic conversion to monosaccharides; glucose recoveries were 66.9–90.5% and xylose recoveries
60.1–84.2% of maximum and decreased with increased maturity at harvest. Subsequently, pretreated switchgrass samples
were converted to ethanol by simultaneous saccharification and fermentation using engineered xylose-fermenting Saccha-
romyces cerevisiae strain YRH400. Ethanol yields were 176.2–202.0 l/Mg of switchgrass (db) and followed a similar trend
as observed for enzymatic sugar yields.
Keywords: switchgrass; bioethanol; simultaneous saccharification and fermentation; pretreatment; bioenergy crop
Introduction
Increased concerns in regard to climate change have
led governments around the world to promote research
directed towards the commercialization of renewable
fuels. Bioethanol is the dominant renewable transportation
fuel with global annual production of 85.2 billion litres
(www.ethanolraf.org accessed 18 March 2013). The lead-
ing producers are the USA and Brazil, which rely on corn
(Zea maize) and sugar cane (Saccharum spp.), respectively.
However, recent advances in research have led to early
stage commercialization of lignocellulosic feedstocks for
biofuel production by several companies using a variety
of approaches.[1] Lignocellulose represents a significant
sized potential resource for producing biofuels. For USA
alone, it has been estimated that at a farm gate price of
$60 per dry US tonnes, there could be 602–1009 mil-
lion dry US tonnes available by 2022.[2] This amount of
biomass could be used to produce in excess of 20 bil-
lion gallons of cellulosic biofuels in addition to the current
grain ethanol production of 13.3 billion gallons in the USA
(www.ethanolrfa.org/pages/statistics accessed 18 March
∗Corresponding author. Email: bruce.dien@ars.usda.gov
†Names are necessary to report factually on available data; however, the USDA neither guarantees nor warrants the standard of the product,
and the use of the name by USDA implies no approval of the product to the exclusion of others that may also be suitable.
2013). It is estimated that 282 million dry tonnes per year
of the expected biomass will be harvested from dedicated
bioenergy crops.[2]
Switchgrass (Panicum virgatum L.) is a warm season
perennial grass that is being developed as a dedicated energy
crop in the USA and other temperate regions of the world
because it is a high-yielding perennial crop that can be
grown on marginal land not well suited for food crop pro-
duction. Switchgrass also has positive soil conservation,
soil carbon sequestration, and net energy benefits making
it well suited for development as a bioenergy crop.[3–6] In
particular, it is predicted that conversion of the switchgrass
to ethanol would result in a 540% renewable energy return
on non-renewable energy inputs and 94% lower green house
gases (GHG) emissions than that of gasoline.[6]
Switchgrass has two major ecotypes: lowland ecotypes
are found in flood plains and upland ecotypes are found
in better drained, upland soil.[3] Upland ecotypes are pre-
ferred for forage production for animal feed because they
have finer stems than do lowland ecotypes; however, low-
land ecotypes have higher yields, and therefore are expected
© 2013 Taylor & Francis
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to be superior for bioenergy applications.[3] Biomass yield
and composition depend on plant maturity at the time of
the harvest. Maximum biomass yield (Mg/ha) typically
occurs at anthesis and decreases 10–20% until the first
killing frost.[3] However, anthesis may not be the opti-
mal harvest time because following frost, nitrogen and
other nutrients are relocated to the plant roots. In some
native grasses, internal cycling of nitrogen can meet 18%
of a field’s annual need, which is beneficial because this
reduces fertilizer requirements and fertilizer represents a
major energy input and source of GHG emission in the
form of nitrous oxide.[5]Whilemuch is known about grow-
ing grasses for forage quality, less is known in regard
to producing grasses for bioenergy applications. In this
study, biomass from both upland and lowland ecotypes
harvested at different maturity stages were included as
variables.
Conversion of lignocelluloses to ethanol is a multi-step
process.[7] Following milling, the biomass is pretreated
typically using a combination of heat and chemicals. Pre-
treatment deconstructs the plant cell wall, displacing the
lignin and removing the xylan, and alters the native cellu-
lose fibres to promote its hydrolysis by cellulose.[8,9] The
success of pretreatment is often measured by digesting the
sample in the presence of cellulases and associated enzymes
at low solids.[10] Less than 20% of the available glucose
is liberated by cellulases from untreated switchgrass.[11]
The sugars produced by enzymatic hydrolysis are a mixture
dominated by glucose and xylose. Saccharomyces yeast, the
preferred commercial microorganism for industrial ethanol
production, is unable to consume xylose. One solution is
to use a Saccharomyces cerevisiae strain engineered for
xylose fermentation.[12] Often enzymatic hydrolysis and
fermentation are conducted in a single step, termed as
simultaneous saccharification and fermentation (SSF). SSF
requires less enzyme loading thanwhen the steps are carried
out sequentially because liberated glucose is continually
fermented by the yeast, which avoids end product inhibition
of the cellulases.
In this study, the upland cultivar Cave-in-Rock (CIR)
and the USDA-ARS experimental strain Kanlow N1,[13]
which is a lowland ecotype strain, were harvested at var-
ious maturities and the collected biomass evaluated for
conversion to ethanol. This is significant because much of
the prior literature does not consider the influence of both
genetics and harvest maturity on processing and product
yields. Many pretreatment methods have been evaluated
for switchgrass.[14–16]Dilute ammoniawas selected as the
pretreatment method based upon prior success with other
herbaceous species [17–19] and because ammonia can be
removed by evaporation and recycled. Following optimiza-
tion of pretreatment conditions, the sample set of cultivars
was evaluated for enzymatic saccharification to sugars and
conversion to ethanol using SSF cultures. To maximize
ethanol yields, S. cerevisiae YRH400 was used because it
has been engineered to ferment xylose.[20]
Materials and methods
Materials
Switchgrass samples were harvested at various maturities
from established plots located at Mead, NE. Five samples
were used for this study, which were labelled MPV1–
MPV5. The three CIR samples were harvested at pre-boot
(MPV1), anthesis (MPV2), and post-frost (MPV3). The two
KanlowN1 sampleswere harvested at anthesis (MPV4) and
post-frost (MPV5). Following collection, the biomass was
air dried on greenhouse benches and ground in a Wiley Mill
so as to pass through a 1-mm screen.
The enzymes Cellulase Optiflow RC2, Multifect Pecti-
nase, Multifect Xylanase, and β-xylosidase were kindly
donated by Genencor, Inc. (Rochester, NY) and Novo188
β-glucosidase (Novozymes A/S, Denmark) were pur-
chased from Sigma-Aldrich Chemical Co. (St. Louis, MO).
Pluronic F68 block copolymer surfactant was also pur-
chased from Sigma-Aldrich Chemical Co. Other reagents
and chemicals were purchased from either Sigma-Aldrich
Chemical Co. or Thermo Fisher Scientific Inc. (Waltham,
MA) and were of research quality. The yeast strains used
were S. cerevisiae D5A (American Type Culture Collect
strain 200062) and YRH400. Strain YRH400 was con-
structed by integrating the genes for xylose utilization
(xylose reductase, xylitol dehydrogenase, and xyluloki-
nase) into the D5A genome as previously described.[20]
Strain D5A has been recommended for fermentation evalu-
ations of biomass.[21] Enzymes used for fermentation were
filter sterilized by passing through 0.2μmsyringefilters and
all other additions were sterilized by heating at 121◦C in an
autoclave.
Compositional analysis
Structural carbohydrates (cellulose, xylan, and arabinan)
were determined for unextracted biomass according to the
analytical procedure of the National Renewable Energy
Laboratory (NREL) [22] using the two-stage H2SO4 diges-
tion protocol. Moisture contents were determined by drying
samples in a static oven at 105◦C for 18–24 h. All biomass
masses are given on a dry weight basis (db).
Pretreatment processes
Switchgrass at 15%w/w solids loading was mixed with
dilute ammonium hydroxide (2–8%w/w ammonia basis
as indicated in text) in 316 stainless steel (SS) mini-batch
reactors. The reactors were sized either at 25ml volume
(3/4 in. OD) or at 68ml (1 in. OD) and constructed of 316
SS and tubing capped on both ends with SS compression
fittings. The reactors were heated to 160–180◦C in a flu-
idized heating aluminium sand bath (SBL-1, Techne Inc.,
Burlington, NJ) equipped with a temperature controller
(Techne TC-8D temperature controller). A separate reac-
tor of the same type was fitted with an internal Type K
air immersion thermocouple to monitor temperature. The
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reactions were quenched by transferring the reactors to
a water bath. Reactors required approximately 8min to
achieve the reaction temperature and cooled to near ambi-
ent temperature in under 2min. Ammonia was removed
by evaporation at ambient temperature. Once evaporated,
the resulting solids were used as is and specifically were not
washed.Unless stated otherwise in the text, switchgrasswas
pretreated with 8%w/w ammonium at 170◦C for 20min.
Enzymatic hydrolysis
Cellulose digestibilitywas determinedusing amodifiedver-
sion of an NREL procedure.[23] The whole hydrolysate
(solid and liquid fraction) was diluted to 3% solids by
adding sodium citrate buffer (final concentration 50mM,
pH 4.8) supplemented with the antibacterial agent thy-
mol (500mg/l). The enzymatic digestion was initiated
by adding Optiflow RC2 cellulase (30 FPU/g cellulose)
and Novo188 β-glucosidase (40U/g cellulose). Various
reactions were supplemented with the following: Pluronic
F68 surfactant (16%w/w), Multifect Pectinase (50U/g
switchgrass),Multifect Xylanase (50U/g switchgrass), and
β-xylosidase (1250U/g switchgrass). The reaction was
carried out at 50◦C for 72 h while mixing at 125 rpm
using an incubator/shaker (Innova®, New Brunswick Sci-
entific, NJ). Digested samples were analysed for soluble
carbohydrates and monosaccharides as described below.
All enzymatic saccharification reactions were conducted at
least in duplicate.
Ethanol fermentation
Bottle SSFs
Fermentations were conducted with a switchgrass solids
loading of 10%w/v. The ammonia-pretreated sample
(1.0 g) was placed in a capped 25ml Pyrex bottle (Corn-
ing glass, NY) and sterilized by heating at 121◦C for 15min
using an autoclave followedby the addition of 8.5ml of ster-
ile dH2O, 0.5ml of 1M sodium citrate buffer (50mM final
concentration, pH 4.8), 1.0ml of YP basal 10× stock (for a
final concentration of 10 g/l yeast extract and 20 g/l pep-
tone), and Pluronic F68 surfactant (16%w/w switchgrass).
The following enzymes were added to the SSFs: Opti-
flow RC2 (15 FPU/g glucan), Novo188 (40U/g glucan),
Multifect pectinase (50U xylanase activity/g biomass) and
β-xylosidase (1250U/g biomass). The cellulase loading
used for SSF is half that used for the enzymatic diges-
tion experiments because glucose inhibition of cellulases is
avoided by the addition of the yeast,which ferments glucose
as it forms. Control fermentations without added biomass
were used to determine background glucose and ethanol,
which were subtracted (these were minimal values).
Fermentation vessels were capped by screw top bot-
tles with silicone septa inserts; each septum was pierced
with a 22 g needle to exhaust CO2. The fermentations
were inoculated to an OD600 of 1.0 yeast biomass (1.0 cm
path, DU 640 Spectrophotometer, Beckman, Brea, CA).
The bottles were incubated for 72 h at 35◦C while mix-
ing at 100 rpm using an incubator shaker (Inova 4230, New
Brunswick, NJ). Cultures were analysed for ethanol, xyli-
tol, and residual sugar concentrations using high pressure
liquid chromatography (HPLC).
Pressure production module SSFs
Fermentation yield and rates for xylose-fermenting yeast
YRH400 and its parental strain D5A were compared using
batch fermentation modules that allowed for collection of
gas production data. For these experiments, each reactor
had 10 g switchgrass (dry basis (db)) added and all other
additions were kept at the same proportion as described
for the bottle fermentations. Fermentation conditions were
the same except cultures were mixed at 150 rpm using a
3 × 4 in.Teflon™coated cross-shaped stirringbar and a six-
position magnetic stirrer (Vero Variomag Poly 6 Multipoint
Stirrer, Cole-Parmer, Vernon Hills, IL). The fermentation
vessel consisted of a 100ml threaded Pyrex™ bottle and
capped with a pressure sensor top (see below).
Fermentation progress was continually monitored by
measuring carbon dioxide gas production; carbon dioxide
is produced stoichiometrically with ethanol. Carbon diox-
ide production was monitored using the Ankom wireless
gas production system (AnkomTechnology,Macedon,NY)
set to vent at 1.0 psi over-pressure. The system included
pressure monitoring caps, a wireless receiver for collect-
ing pressure data equipped with a USB connection to a
computer and a software program for recording the pres-
sure and setting the device parameters. The cap fitted on
top of the threaded fermentation bottle with a gas-tight fit
and contained a pressure transducer that continually moni-
tored gas pressure in the headspace, a wireless transmitter, a
rechargeable battery, and a valve for venting gas to prevent
over-pressuring. Cumulative gas production was calculated
from the recorded gas pressure data using the ideal gas law.
Inoculum preparation
The inoculum was prepared for all fermentations by trans-
ferring a colony grown on solid YP2D (YP supplemented
with 20 g/l dextrose and 2.0% Bacto agar) to a liquid YP2D
culture followed by aYP5D culture (YP supplementedwith
50 g/l dextrose). The liquid cultures were grown for 18 h
at 35◦C and 200 rpm, and the cells were harvested from
the YP5D culture by centrifugation and concentrated to
a cell solution of 50 OD600 in PPB (per L: 8.5 g NaCl,
0.3 g KH2PO4, 0.6 g Na2HPO4, 0.4 g peptone). Fermenta-
tion cultures were inoculated to an OD600 of 1.0 from the
concentrated cell solution. Experiments were conducted at
least in duplicate.
Analytical methods
Samples were dried at 105◦C for 18–24 h for moisture
determinations; all solid loadings were referenced to these
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moisture contents. Samples used for moisture determina-
tions were discarded.
Cellulase,β-glucosidase, xylanase,β-xylosidase activi-
tiesweremeasured as previously reported.[24]Total soluble
carbohydrates (e.g. soluble xylans/xylose) were analysed
by HPLC after being end point hydrolysed by treating
with 2M trifluoroacetic acid for 1 h at 100◦C. Total solu-
ble xylan/xylose includes the sum of xylose and soluble
xylans freed by the trifluoroacetic acid digestion. Sam-
ples were analysed for sugars, organic acids, and ethanol
using a SpectraSYSTEM™ liquid chromatography sys-
tem (Thermo Electron Corporation, CA) equipped with an
automatic sampler, column heater, isocratic pump, refrac-
tive index detector, and computer-based integrator running
Chromquest ver. 2.5 (Thermo Electron Corporation, CA).
Samples (20μl) were injected onto a sugar analysis col-
umn (Aminex HPX-87H Column, 300 × 7.8mm, Bio Rad
Laboratories, Inc., Hercules, CA) and eluted with 5mM
sulphuric acid at 0.6ml/min and 65◦C, as previously
described.[25]
Calculations
Yields (g/kg) are reported as gram of product per kilogram
of beginning biomass on a db. Glucose conversion efficien-
cies were then calculated from the ratio of glucose released
following cellulase treatment and the beginning cellulose
content, adjusted for the mass gained through hydrolysis.
Ethanol efficiencies from the fermentations of pretreated
samples were calculated from the ratio of ethanol produced
and maximum theoretical ethanol. The latter was calculated
based upon the beginning glucan content by the theoreti-
cal conversion coefficient for ethanol production (0.567 g
ethanol/g glucan), and additionally by multiplying the
beginning glucan and xylan contents by 0.567 and 0.580 g
ethanol per gram of glucan and xylan, respectively.[10]
Design and analysis of the factorial experiment used
for formulating the enzyme mixture was done using
Design-Expert (version 7.0.3, Stat-Ease, Inc., Minneapo-
lis, MN). The effect for adding pectinase, surfanctant, and
xylanase were evaluated using a full factorial with a centre
block run in triplicate. The effect of adding β-xylosidase
was evaluated using a full factorial without centre points.
Results
Composition of switchgrass samples
The samples were analysed for structural carbohydrates,
acetyl groups, and Klason lignin (Table 1). Carbohy-
drate content is the most important trait for biochemical
processing to biofuels because it directly determines the
potential yield of ethanol. The switchgrass samples con-
tained approximately 62%w/w structural carbohydrates.
The amounts of structural carbohydrates were fairly uni-
form with MPV1 containing the least (4% less than the
mean) and MPV5 containing the most (4% more). This
corresponds to potential ethanol yields for samples MPV1–
MPV5 of 394, 422, 431, 438, and 459 l/Mg, respectively,
assuming complete conversion of glucans and xylans. Most
recombinant yeast strains are currently unable to ferment
arabinose.[26] While increased lignin increases the heating
value of the biomass, it has been observed to impede enzy-
matic extraction of the carbohydrates (one example: [19]).
Therefore, for biochemical conversion, greater lignin con-
tents are generally considered unfavourable. In this case,
Klason lignin content increased with harvest maturity for
both lowland and upland biomass samples.
Optimization of ammonium hydroxide pretreatment
The ammonium hydroxide pretreatment reaction condi-
tions were optimized for ammonia concentration, time, and
Table 1. Composition for native and post-pretreated switchgrass samples (g/kg, db).
Harvest Total Klasson
Cultivar maturity Glucana Xylan Arabinan Acetate lignin Carbohydrates
Native biomass composition
MPV1b Pre-boot 317.1 ± 0.7c 223.7 ± 0.05 38.5 ± 0.1 33.6 ± 0.1 128.8 ± 1.9 579.3
MPV2 Anthesis 361.1 ± 2.8 218.8 ± 1.8 32.6 ± 0.1 35.1 ± 2.1 141.6 ± 1.7 612.5
MPV3 Post-frost 354.5 ± 2.8 237.9 ± 0.6 34.2 ± 2.2 39.9 ± 0.1 167.4 ± 11.0 626.6
MPV4 Anthesis 363.1 ± 3.4 238.7 ± 0.1 29.7 ± 0.3 45.9 ± 0.4 160.3 ± 4.43 631.5
MPV5 Post-frost 385.0 ± 7.3 245.6 ± 0.6 29.7 ± 0.2 49.1 ± 03 165.0 ± 24.5 660.3
Post-pretreatment composition
MPV1 Pre-boot 320.3 ± 0.8 219.3 ± 0.5 44.8 ± 0.1 26.2 ± 2.2 584.4
MPV2 Anthesis 363.2 ± 5.1 222.5 ± 5.4 41.5 ± 0.6 30.6 ± 0.4 627.2
MPV3 Post-frost 357.6 ± 0.7 237.5 ± 0.1 40.4 ± 1.7 30.9 ± 0.3 635.5
MPV4 Anthesis 356.6 ± 1.2 234.2 ± 0.5 38.6 ± 0.1 27.6 ± 0.1 629.4
MPV5 Post-frost 374.2 ± 2.0 239.4 ± 2.3 38.7 ± 0.0 33.8 ± 0.0 652.3
aGlucans include starch. Starch contents for MPV1–MPV5 were 3.47, 61.50, 2.00, 2.55, and 1.78 g/kg, respectively.
bMPV1–MPV3 are CIR upland ectoype variety and MPV4 and MPV5 are Kanlow N1 lowland ecotype variety.
cStandard deviation of duplicate samples.
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Figure 1. Switchgrass MPV3 was preatreated with various
ammonia loadings at 170◦C for 20min followed by enzymatic
hydrolysis. Glucose, xylose, and soluble xylan/xylose are pre-
sented as percentage of maximum.
temperature. The post-frost harvested CIR (MPV3) sam-
ple was used for this series of experiments because it was
among the most recalcitrant. The pretreated samples were
evaluated for enzymatic saccharification using cellulases
supplemented with β-glucosidase. The digested samples
were analysed for glucose, xylose, and soluble xylan/xylose
(Figure 1). The glucose yield (e.g. cellulose hydrolysis)
increasedwith ammonia loading up to 8%w/wfrom62% to
72% of available glucan. Xylose yield was largely invariant
with ammonia concentration. Soluble xylan/xylose yield,
however, increased in a similar manner to glucose with
ammonia loading from 72% to 81% of maximum. Solu-
ble xylan/xylose was measured by end digesting the liquid
fraction with acid at 100◦C. The removal of xylan (e.g.
corresponding to production of soluble xylan/xylose) has
been correlated with cellulose accessibility as measured by
increasing glucose yield.[27] Thus, increased xylan solubi-
lization is a favourable result. That xylose did not increase in
conjunction with soluble xylan/xylose reflects a shortcom-
ing of the enzyme cocktail because alkaline pretreatments
depend upon enzymes for conversion of xylan into xylose.
Therefore, tomaximize the glucose yield and extent of xylan
removal, the ammonia loading was set to 8%w/w.
To see if the sugar yields could be further increased,
the reaction time and temperature were varied between
160–180◦C and 0–20min (Figure 2(a) and 2(b)). The 0min
samplemeasured the effect of heating the sample to the reac-
tion temperature.While glucose increasedwith temperature
and time, the largest change was observed for the transi-
tion from 160◦C to 170◦C. For example, increasing from
170◦C to 180◦C at 20min residence time only increased
the glucose yield by 3%. The yields were similar for either
10min at 180◦C or 20min for 170◦C (Figure 2(a)). Soluble
xylan/xylose followed a similar trend except the maximum
soluble xylan/xylose was observed at 170◦C for 20min
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Figure 2. (a) and (b) Effect of reaction time and temperature on
(a) glucose and (b) soluble xylan/xylose production as percentage
of maximum. Ammonia concentration was kept constant at 8%.
Reaction times evaluated were 0, 5, 10, and 20min. Error bars are
standard deviations.
(Figure 2(b)). The lower temperature of 170◦Cwas selected
to minimize ammonia vapour pressure and energy inputs.
While commercial cellulases contain substantial side
activities suitable for hydrolysing hemicelluloses, it was
expected that the enzyme mixture was not appropri-
ately balanced because of incomplete saccharification of
xylooligomers. A more balanced enzyme mixture would
serve to increase both the xylose and glucose yields. More
complete extraction of insoluble xylan from the plant cell
wall would be expected to increase access to the insol-
uble cellulose fibres for enzymatic cleavage resulting in
increased glucose yields.[27] The cellulase enzymemixture
was supplemented with commercial xylanase, pectinase,
and a surfactant. The surfactant may increase cellulose con-
version by lowering the surface tension on the cellulose
fibre surface and/or blocking non-specific lignin binding
of cellulases.[28] To streamline the experiment, a partial
factorial experimental design was used with replicated cen-
ter point and the responses for glucose and xylose yield
described with a linear model (adjusted r2 = 0.87). Addi-
tions of surfactant, pectinase, and xylanase as well as a
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Figure 3. Pretreated switchgrass MPV3 was hydrolysed with
cellulases and various additions. Error bars represent the 95%
confidence interval.
positive interaction between surfactant and pectinase were
significant at the 1% level. Results from the model are
shown in Figure 3. The highest glucose yield (84.7%) was
observed when cellulases were supplemented with pecti-
nase and surfactant. The maximum xylose yield was only
68.1%. It is notable that while switchgrass contains only
minor amounts of pectin (data not shown), the commercial
pectinase preparation contains side activities that promote
hydrolysis of arabinoxylan.
Onepossibility is that therewas insufficientβ-xylosidase
to overcome end product inhibition, thereby impeding
the conversion of xylooligomers to xylose. To test this
hypothesis, the new enzyme cocktail (a mixture of cellu-
lase, β-glucosidase, pectinase, and surfactant) was supple-
mented with additional β-xylosidase. Adding β-xylosidase
increased the extraction of xylose by 7.9% and of glucose
by 3.1% (data not shown). It might seem unexpected that β-
xylosidase would also increase the glucose yield. However,
xylooligomers can inhibit cellulases and lower cellulose
conversion.[29] Therefore, both of these results suggest
the original enzyme mixture is deficient in β-xylosidase.
The selected enzyme cocktail consisted of Optiflow RC2
cellulase (30 FPU/g cellulose), Novo188 β-glucosidase
(40U/g cellulose), Pluronic F68 surfactant (16%w/w),
Multifect Pectinase (50U/g switchgrass), andβ-xylosidase
(6667U/g switchgrass).
Next, the pretreated switchgrass was fermented to
ethanol. An SSF scheme was used, whereby the enzymes
and yeast are co-added to facilitate cellulose conversion.
The yeast consumes the glucose as soon as it is released
by the cellulases. This prevents end product inhibition of
the β-glucosidase and has been observed to give higher
ethanol yields at lower enzyme loadings. For SSF exper-
iments, cellulase loading was reduced in half from that
applied for the enzymatic saccharification experiments.
Two yeast strains were evaluated on the pretreated switch-
grass: D5A and YRH400. Strain YRH400 is engineered for
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Figure 4. Fermentation profile for SSF of ammonia-pretreated
switchgrass MPV3 as measured by online CO2 production. Pre-
treated switchgrass MPV3 was SSF using S. cerevisiae D5A and
xylose-fermenting YRH400.
xylose fermentation,[20] which is advantageous because
on average xylose is 37% of the switchgrass carbohy-
drate content. Strain D5A is the parental strain of YRH400
and served as a control because it is unable to ferment
xylose. Strain YRH400 did produce 11.4% more ethanol
than D5A (14.3 ± 0.35 vs. 12.5 ± 0.06 g/l). Though sig-
nificant, this increase is hardly the 37% that might have
been expected. However, YRH400 did not ferment all of
the available xylose (residual xylose = 6.34 g/l) and much
of the xylose was funnelled to xylitol (8.69 g/l). In the orig-
inal publication describing strain YRH400, residual xylose
and excess xylitol production were also observed for mixed
sugar fermentations.[20]
The fermentation progress was monitored on line by
measuring carbon dioxide production, which is stoichio-
metric with ethanol production. In agreement with ethanol
measurements, theYRH400 cultures producedmore carbon
dioxide than D5A (Figure 4). Two notable characteristics
are both strains have the same initial productivity and the
absence of a significant lag phase. The first observation
suggests that expression of the xylose metabolism pathway
does not interfere with glucose metabolism and the second
that the pretreated switchgrass is benign when using dilute
ammonia pretreatment. This second observation is of par-
ticular importance because pretreatment often leads to the
formation of side products that inhibit microbial growth and
fermentation.[30,31] As a consequence, hydrolysate fer-
mentations are frequently observed to have extended lag
phases [32] as the microorganisms (in part) partially detox-
ify aldehyde groups to their less toxic alcohol forms.[33]
The similarity in productivities is further evidence for the
absence of inhibitors.
To summarize, ammonia-based pretreated process for
converting switchgrass to ethanol has been optimized using
the CIR post-frost sample (MPV3). The chosen pretreat-
ment conditions were 8%w/w ammonia loading at 170◦C
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Table 2. Mass balance for ammonia-pretreated switchgrass MPV3 through entire process.
Enzymatic hydrolysis
Stream: Native SG Pretreated biomass of pretreated solids (C)
Total Total
Component: Untreated (A) Liquida (B) Solida (C) recovery Liquida (D) Solida (E) recovery
Total (g): 1000 390 560 950 381 179 560
Glucan (g) 342 13 305 318 227 45 272
Xylan (g) 235 65 162 227 118 15 133
Lignin (g) 167 nd 97 97 nd 86 86
Notes: Column shades match those presented in Figure 5. Yields are reported in grams recovered on a 1 kg
switchgrass basis. Each number is the mean of four replicates. The process stream in the figure and corre-
sponding column are labelled with the same letter code.
aLiquid and solid fractions as separated by centrifugation and subsequent washing of the recovered solids.
for 20min. The pretreated switchgrass was enzymatically
hydrolysed using a combination of cellulases and pectinases
supplemented with added β-glucosidase and β-xylosidase.
Pectinase was included in the digestion experiment because
it has a wide range of side activities pertinent to hydrolysing
arabinoxylan [34]; switchgrass does not contain significant
amounts of pectin.
Mass balance for ammonium pretreatment process
To better define the optimized process, switchgrass MPV3
was processed to sugars and the fate of carbohydrates
and lignin tracked throughout. Following pretreatment, the
solids and liquid were separated and the solids were washed
thoroughly with water. The washed solids were subse-
quently treated with enzymes and the digested hydrolysate
separated into liquid and solids phases. At each step, the
solids and liquids were examined for total mass and carbo-
hydrates and the solids additionally for Klason lignin. This
process varied from the standard protocol where the solids
and liquid were dried together following pretreatment. Dis-
pensing with separation of the liquid and solid fractions is
an advantage of ammonia pretreatment comparedwithmost
other pretreatments; the solids and liquids were separated
in this case to facilitate the mass balance description.
The mass balance is listed in Table 2 and the shades of
the columns are keyed to a diagram describing the mass
balance (Figure 5). Following pretreatment, 56% of the
switchgrass remained with the solids which included most
Figure 5. Process product steams from conversion of pretreated
switchgrass MPV3. Shades are keyed to Table 2.
of the glucans, xylan, and lignin. The liquid contained
unidentified extractables and 28% of the xylan. Approxi-
mately 93% of the glucan and 96% of xylan were recovered
following pretreatmentwith a 95% totalmass recovery. Fol-
lowing treatment of the solids with the enzyme cocktail,
73% of the glucans and 89% of the xylan were saccharified
and 89% of the lignin was retained with the digested solids.
Therefore, 1 kg of processed switchgrass MPV3 produces
227 g of glucan and 118 g of xylan for fermentation.
Comparison of switchgrass samples for sugar and
ethanol yields
The developed protocolwas applied to all of the switchgrass
samples. Following pretreatment, all the sampleswere anal-
ysed for composition (Table 1, bottom half). Recoveries of
glucan andxylanwere 98.4–102.9%.Thevalues that exceed
100% indicate either evaporation of volatile compounds or
measurement error. Either way, the results demonstrate that
ammonia pretreatment does not decompose carbohydrates
in contrast to acid catalysed pretreatments.[30]
The pretreated switchgrass sample set was treated with
enzymes under the same conditions finalized in the pretreat-
ment optimization experiments. The glucose and xylose
hydrolysis efficiencieswere 66.9–90.5%and60.1–84.2%of
maximum, respectively (Figure 6(a)). Switchgrass MPV1
was the least resistant to conversion and MPV3 was the
most recalcitrant for the pretreatment conditions studied.
Recalcitrance to enzymatic conversion increased with har-
vest maturity. Glucose and xylose sugar yields were 254–
299 g/kg switchgrass, db, and 173–194 g/kg switchgrass,
db, respectively (Figure 6(b)). Sugar yields (g/kg) were
more consistent than efficiencies [percentage of theoretical]
because switchgrass plants harvested at a younger maturity
were less recalcitrant to enzyme digestion but poorer in
carbohydrate content compared with older maturity plants.
Ethanol yields do not always correlate closely with
enzyme sugar yields because SSFs are typically con-
ducted at higher solids, which also concentrate inhibitors
of enzymes and microbes. Therefore, pretreated switch-
grass samples were processed to ethanol using an SSF
scheme using the aforementioned enzyme cocktail and
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Figure 6. Comparison of percentage extracted carbohydrates
(a) and yields (b) for ammonium pretreated switchgrass
MPV1–MPV5 following enzymatic hydrolysis. Samples were
analysed for glucose, xylose, and soluble xylan/xylose.
yeast YRH400 (Table 3). The final ethanol concentrations
for the 10% biomass loading were 12.9–14.9 g/l. All of the
glucose was consumed but most of the xylose remained
(6.98–9.315 g/l) and most of the xylose that was consumed
was converted to xylitol (4.47–5.87 g/l). For this reason,
the ethanol yield efficiencies (percentage of max) were
calculated on a glucose only and glucose + xylose basis
(Table 3 and Figure 7). The conversions on a glucose only
basis are encouraging (72.0–93.7% ofmax) but much lower
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Figure 7. Comparison of ethanol yields (bars) and conversion
efficiencies (line) for ammonia-pretreated switchgrass samples
MPV1–MPV5 after SSF. Cultures were sampled at 72 h for
glucose, xylose, and soluble xylan/xylose (xylan + xylose).
when xylose is included (41.0–56.4%). This contrast in
efficiencies highlights the importance of continued strain
improvement for xylose-fermenting S. cerevisiae. Perhaps,
however, the most meaningful statistic is the ethanol yield
on a beginning biomass basis (g/kg switchgrass, db; Table 3
and Figure 7). The ethanol yields were surprisingly consis-
tent among the switchgrass samples given the difference
in theoretical ethanol yields, which were calculated from
carbohydrate compositions (Table 1). In particular, it was
observed that for switchgrass MPV1, the lower sugar
contents were compensated by increased conversion effi-
ciencies comparedwith the other samples. This resultwould
support efforts to develop switchgrass for increased conver-
sion efficiencies. One encouraging aspect of these results
is that all of the switchgrass samples other than MPV1 had
similar conversion efficiencies, despite differing in type and
harvest maturity, thus demonstrating the robustness of the
developed process.
Discussion
Switchgrass is currently being developed as an industrial
feedstock for cellulosic ethanol production.[35] Two basic
management decisions are which variety to plant and when
Table 3. Comparison of fermentation results for SSF of ammonia-pretreated switchgrass samples MPV1–MPV5. Fermentations were
halted after 96 h.
Xylose Arabinose Xylitol Glycerol Acetate Ethanol Eff. Glua Eff. X + Gb Ethanol yield
Switchgrass (g/l) (g/l) (g/l) (g/l) (g/l) (g/l) (% max) (% max) (g/kg, db)
MPV1 9.15 ± 0.03c 3.44 ± 0.06 4.97 ± 0.30 1.58 ± 0.50 0.75 ± 0.02 14.5 ± 0.3 93.7 ± 1.3 56.4 ± 0.77 157.2 ± 2.1
MPV2 9.31 ± 0.02 3.32 ± 0.04 4.47 ± 0.03 1.39 ± 0.05 0.89 ± 0.02 14.9 ± 0.2 78.1 ± 1.2 49.4 ± 0.73 159.4 ± 2.4
MPV3 7.64 ± 0.03 3.32 ± 0.07 5.44 ± 0.16 1.11 ± 0.04 0.93 ± 0.07 12.9 ± 0.4 72.0 ± 1.0 41.0 ± 0.58 139.4 ± 2.0
MPV4 7.42 ± 0.03 3.22 ± 0.10 5.87 ± 0.19 1.15 ± 0.03 0.68 ± 0.04 13.8 ± 0.4 78.1 ± 1.1 46.6 ± 0.64 152.3 ± 2.1
MPV5 6.98 ± 0.01 3.12 ± 0.05 5.37 ± 0.13 1.09 ± 0.02 0.84 ± 0.03 13.2 ± 0.3 72.6 ± 1.3 43.9 ± 0.77 145.5 ± 2.6
aEffeciency glucose (Eff Glu): % of theoretical amount of ethanol achieved based upon glucan content of switchgrass.
bEffeciencyXylose + Glucose (EffX + G):%of theoretical amount of ethanol achieved based upon glucan + xylan content of switchgrass.
cStandard deviation of duplicate fermentations.
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to harvest the field. In this study, upland and lowland switch-
grass samples were evaluated for ethanol production at
different harvest maturities. Carbohydrate contents are crit-
ically important when determining the value of a bale of
biomass because it directly determines the maximum fer-
mentation yield. A higher glucan to xylan ratio is also
preferred because glucose is fermented faster and more effi-
ciently than xylose, albeit both sugars have a theoretical
yield of 0.51 g ethanol per gram sugar.[10] For CIR, the
preferred maturities were anthesis and post-frost because
the former had higher glucan content and the latter slightly
more total carbohydrates (Table 1). For the Kanlow variety,
the preference based upon composition would be the post-
frost because it had higher glucan and total carbohydrate
contents (Table 1).
The compositions reported here can be compared with
those in the literature to judge the variability in composition
for different switchgrass samples. CIR contents measured
here are similar to those listed in the US Department of
Energy (DOE) data base (320 and 590 g/kg glucans and
total carbohydrates, respectively) [14] and reported in a
prior study (286–348 g/kg glucans and 520–636 g/kg total
carbohydrates).[36–38] The lowland experimental strain
Kanlow N1 composition observed here is higher than the
previously reported mean based upon an analysis of over
100 switchgrass samples: 299 g glucans/kg switchgrass and
549 g total cell wall carbohydrates/kg,[39] which suggests
the samples reported here have higher plant cell carbohy-
drate contents than those of other reports. However, these
switchgrass samples represented a much greater range in
harvest maturity, cultivars and experimental strains, and
geographical production area. Alamo is another lowland
variety that has been selected in previous bioconversion
studies. It is listed as having 334.8 g/kg of glucans and
261.0 g/kg of hemicellulose in the US DOE data base [14]
and 320–388 g/kg glucans and 580–624 g g/kg total car-
bohydrates in prior bioconversion studies.[36,40] While
the Kanlow N1 experimental cultivar was observed in
this study to have higher carbohydrate contents than those
reported previously for switchgrass samples, further eval-
uation is required for a general conclusion. Composition is
influenced by management and environment in addition to
genetics. This small survey of compositional values high-
lights the need to develop a better understanding of the
variability in switchgrass carbohydrate composition and to
develop tools to allow for fast analysis of carbohydrate con-
tents at the factory gate. We have recently released an near
infrared calibration suitable for this purpose.[39]
Biomass is said to be recalcitrant to biochemical con-
version because of the inability to extract carbohydrates
as sugars at stoichiometric yields.[41] Therefore, sugar
and ethanol yields need to be directly determined using
standard enzyme and fermentation assays. Both types of
conversion begin with a pretreatment step that increases
the porosity of the plant cell wall, allowing cellulase
to contact the cellulose fibres. In this study, ammonium
hydroxide pretreatment was selected for several reasons.
Grasses are extremely responsive to alkaline-based pre-
treatments where the ammonia disrupts the xylan and lignin
matrix, increases porosity, removes xylan acetyl groups, and
disrupts cellulose structure.[8,9] In particular for grasses,
ammonia disrupts ester bonds linking the hemicellulose
and lignin. For this reason, ammonia has a long history
of being used to improve forage quality.[8] Ammonia can
also be removed following pretreatment by evaporation,
which dispenses with the need to chemically neutralize
the hydrolysate and offers the opportunity for ammonia
recycling. Finally, as will be discussed further, the whole
hydrolysate is directly fermentable without the need for
prior conditioning.
The optimal pretreatment conditions for switchgrass
were determined to be 8%w/w ammonia loading at 170◦C
for 20min (Figures 1 and 2(a) and 2(b)). Dilute ammonium
hydroxide was previously used for conversion of alfalfa
(Medicago sativa) stems, reed canarygrass (Phalaris arun-
dinacea), and forage sorghum (Sorghum spp.).[17–19] The
conditions reported here are the same used for alfalfa and
at twice the chemical loading used for the other grasses,
which suggests that switchgrass is more recalcitrant than
reed canary grass and forage sorghum. Enzyme formu-
lation is particularly important for alkaline pretreatments
because most commercial cellulases do not contain suf-
ficient hemicellulose-related activities to complete xylan
hydrolysis to xylose.[34] Supplementing commercial cel-
lulase with pectinase, surfactant, β-glucosidase, and β-
xylosidase activities improved recoveries of glucose and
xylose (Figure 3, data not shown). Earlier reports for
enzymatic hydrolysis of ammonia fibre expansion (AFEX)
pretreated switchgrass used a similar mixture consisting of
commercial cellulase, β-glucosidase, xylanase, pectinase,
and surfactant.[36,42]
Pretreatment of biomass frequently produces a product
that microorganisms are incapable of fermenting because
of the presence of inhibitory chemicals.[32] The pretreated
biomass is either washed or extensively conditioned prior
to fermentation, adding to the process costs.[31] In con-
trast, pretreated MPV3 switchgrass hydrolysate could be
directly fermented to ethanol by yeast strains D5A and
YRH400 (Figure 4)without any evidence of a prolonged lag
phase. Similar results have been observed for dilute ammo-
nium hydroxide pretreated alfalfa stems, reed canary grass,
and forage sorghum.[17–19] One major reason that ammo-
nia pretreatment is relatively benign compared with other
pretreatments (especially acid catalysed ones) is because
carbohydrates are largely preserved. Following ammonia
pretreatment of switchgrass, 93% of the glucan, and 96%
of the xylan were recovered (Table 2 and Figure 5). Com-
parison of carbohydrate contents for all five switchgrass
samples pre- and post-pretreatment revealed minimal car-
bohydrate losses (Table 1, bottomhalf).Other pretreatments
convert sugars to furans and organic acids that are highly
toxic to microorganisms.[30]
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Glucose and ethanol production efficiencies (percent-
age theoretical) for ammonia-pretreated switchgrass sam-
ples showed similar trends. The samples ranked from
the least to most recalcitrant for CIR and Kanlow N1
samples are as follows: CIR pre-boot > CIR anthesis >
Kanlow N1 anthesis > Kanlow N1 post-frost > CIR post-
frost. Glucan efficiencies were 60.1–84.2% (Figure 6) and
ethanol efficiencies were either 72.6–93.7% (glucan basis)
or 43.9–56.4% (glucan and xylan basis) (Table 3 and
Figure 7). Ethanol efficiencies were low because of poor
xylose utilization by YRH400 in the presence of glucose.
A similar effect was noted earlier for YRH400 [20] and in
general for xylose-fermenting yeast strains.[26]
Increased recalcitrance with greater maturity appears
to be a consistent trend for switchgrass. When the same
CIR samples were subjected to dilute-acid pretreatment
(at 121◦C or 150◦C),[24] glucose production efficiencies
were also observed to decrease with maturity. Likewise,
when AFEX was applied to CIR switchgrass of early and
late maturity, the sugar recoveries were 89.0% and 60.9%,
respectively.[36] This appears in part to be a function of
increased lignin contents for the more mature plants. For
the dilute-acid pretreatment study, it was further observed
(for switchgrass and other herbaceous species in the sam-
ple set) that Klason lignin increased with plant maturity and
that Klason lignin content was inversely correlated to glu-
cose yields (r2 = 0.82).[24] In a subsequent study in which
> 100 switchgrass samples were pretreated with dilute-
acid under low severity conditions (121◦C), neutralized
with Ca(OH)2, and subjected to SSF using a non-xylose-
fermenting S. cerevisiae strain, it was observed that conver-
sion of glucan to ethanol was inversely correlated to acid
detergent lignin ([39]; personal communication). Finally,
when individual switchgrass stems were cut along the
internodes and arranged from the newest to oldest segment,
ethanol conversion efficiencies were observed to decrease
with greater Klason lignin content (data not shown).
There are other factors in addition to Klason lignin con-
tents that play a role in biomass recalcitrance. For example,
for early and late harvested Alamo (lowland) switchgrass
pretreated with AFEX, sugar production efficiencies were
64.0% and 68.9%, respectively; the opposite of what was
expected.[36] Likewise in this study, glucose production
efficiencies for pretreated Kanlow N1 early and late har-
vested sampleswere 78.4%and 72.3%but theKlason lignin
contents were nearly the same (Table 1).
It was also observed in this and the cited AFEX study
[36] that the post-frost harvested lowland ecotype switch-
grass biomass was less recalcitrant than the post-frost
upland biomass. This trend is also supported by a study
that compared five pretreatments on enzymatic sacchar-
ification of Alamo (lowland) and Shawnee (upland).[11]
The pretreatments compared were AFEX, dilute-acid, liq-
uid hot-water, lime, and soak aqueous ammonium. For all
pretreatments, the upland switchgrass had greater percent-
age glucan than the lowland ecotype. This might appear
unexpected as upland switchgrass varieties are favoured for
their forage properties, but forages are cut at an early matu-
rity. If further substantiated, this has important implications
because lowland switchgrass varieties tend to give higher
production yields while upland varieties are associated with
greater rumen digestibility.[3] If lowland switchgrass culti-
vars are less recalcitrant than upland ecotypes when cut at
later stages, thiswould argue for the use of lowland varieties
for bioenergy production.
There are two ways to increase bioenergy produc-
tion from a field of switchgrass. They are to increase
biomass production and conversion efficiency. Conversion
efficiency also brings greater economic benefits as it means
that less biomass needs to be shipped to the production
facility and less processed (e.g. smaller sized equipment)
to yield the same amount of ethanol. As such, conver-
sion efficiencies are a measure of how much can be done
by breeding or molecular engineering plants for lowering
recalcitrance to enzymatic conversion. The difference for
per cent glucose yield between the most and least recal-
citrant samples was 18.2%. This suggests that efforts to
breed better switchgrass plants [43] or construct low-lignin
mutants are worthwhile.[44]
Glucose and ethanol yields [g/kg switchgrass, db] were
muchmore consistent for the switchgrass set comparedwith
production efficiencies (percentage theoretical) (Figures 6
and 7). Glucose yields were 254–299 g/kg and compared
favourably with prior results. In the aforementioned AFEX
study,[36] except a particularly high glucose yield for early
harvested CIR (321 g/kg), the glucose yields were gener-
ally lower (210–237 g/kg). In another survey study [45] that
applied the samefivepretreatments cited earlier to post-frost
harvested Dacotah switchgrass, the glucose yields were
253–335 g/kg for enzymatic digestion ofwashed pretreated
samples. Thepretreatments evaluated in this study included:
AFEX, dilute-acid, lime, liquid hot-water, soaking in aque-
ous ammonia, and steam explosion with sulphuric dioxide.
Washing a sample prior to cellulase treatment is known to
increase the extent of cellulose conversion.[29,46]
Ethanol yields were 138–159 g/kg switchgrass, db
(Table 3 and Figure 7) and are also similar to prior
results. In a similar study, where CIR was pretreated by
soaking in dilute ammonia and SSF with a wild-type S.
cerevisiae strain that only fermented glucose, the ethanol
yield efficiency was 73% of theoretical based upon the
glucan content measured after pretreatment.[38] In this
study, the ethanol yield efficiencies were 72.0–93.7%
based upon initial glucan content. The ethanol yield using
xylose-fermenting Saccharomyces strain 424A (LNH-ST)
on AFEX-pretreated switchgrass for 144 h SSF culture
was similar to what is reported here: 165 and 178 g/kg
switchgrass.[42] One shortcoming for this and the AFEX
study, as previously discussed,was the poor performance on
xylose, a phenomenon that is common to xylose-fermenting
yeast. However, using a clever variation of the SSF culture,
the ethanol yield was subsequently increased to 191 g/kg
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switchgrass.[42] In this study, xylose was extracted prior
to inoculation by pre-adding xylanase and pectinase. The
xylose-fermenting yeast was allowed to ferment the xylose
for 60 h prior to adding most of the cellulases. In terms
of conversion yield, there is no advantage in using either
anthesis or post-frost harvested switchgrass. The choice
of switchgrass maturity can be made on the basis of loss
in production (post-frost) and added nitrogen requirements
(anthesis).
Summary
Ammonia pretreatment was shown to be effective to pre-
pare switchgrass for biochemical conversion to sugars and
ethanol. Notable was the absence of a lag phase for fer-
mentation of unconditioned switchgrass hydrolysate. Sugar
and ethanol conversion efficiencies decreasedwithmaturity
but yields were similar for all the samples. As switch-
grass plants mature, increases in carbohydrate contents
appear to compensate for greater recalcitrance to conver-
sion. Glucose yields were 254–299 g/kg and xylose yields
178–194 g/kg. These represent recoveries of 66.9–90.5%
for total glucans and 60.1–84.2% for total xylans. Ethanol
yields were 139–159 g/kg switchgrass, db. Opportunities
exist for increasing ethanol yields by lowering recalcitrance
for more mature switchgrass plants and improving yeast
fermentation of xylose.
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